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Introduction
The naphtalene-2,3-dicarboxyaldehyde (NDA) is a fluorogenic and electroactive reagent commonly used to covalently react with amino functional group of various molecules (see in Scheme 1). This compound is particularly attractive to tag biomolecules such as peptides and proteins and therefore to create novel diagnostic strategies. The N-2-substituted-1-cyanobenz-[f]-isoindole (CBI) derivative represents also another opportunity to collect competitive data with electrochemical [1] or optical detections [2, 3, 4] In recent years, electrochemical detection (ED) has been used with different techniques of separation, such as liquid chromatography in order to analyze amino acids neuron from Helix Aspersa neuron [5] or several aliphatic amines [6] . Capillary electrophoresis has also been coupled with ED for detection of amino acids in brain homogenate [7] , in single erythrocyte [8] and in single mouse peritoneal macrophages [9] . Electrochemical properties of CBI have been utilized to identify compounds from Planorbius corneus dopamine neuron. Detection and separation of amino acids and small peptides can also be carried out in microchips [10] .
Electrochemical detection presents some advantages for multi derivatized molecules [11] .
Indeed, peptides which bear more than one NH 2 group can be derivatized as often as their number of NH 2 groups. These multi derivatized amino acids present a self quenching effect and therefore are difficult to detect by fluorescence [12] whereas electrochemical response is not attenuated. This derivative was already used and reported in the literature because of its highly fluorescent and relatively stable properties [12, 13] . The use of cyanure as nucleophilic in the reaction instead of other one like 2-Mercaptoethanol usually used, permits to obtain the more stable and the best fluorescence intensity for derivative [13] . Here we will focus on the reaction between the NDA and a small peptide of 22 amino acids (PN) likely to be useful for the diagnosis of transthyretin-related familial amyloïd min. The analyses were performed at +25 kV, with LIF detection (excitation wavelength, λex= 442 nm).
Electrochemical measurement
Electrochemical measurements were performed using a Biologic SP-300 electrochemical analysis system with EC-lab software. Experiments were performed with a three-electrode cell configuration. The reference and the counter electrodes were a saturated calomel electrode (SCE) and a platinum grid (Pt), respectively. The working electrode was glassy carbon with an area equal to 0.071 cm². DPV parameters as modulation time (100 ms), modulation amplitude (7.5 mV), and scan rate (25 mV.s -1 ) have been optimized to obtain analytical curves. Baselines were recorded after DPV response with a blank solution.
Results and discussion

Tagging reaction optimization by capillary electrophoresis
From the literature, it is clear that the chemical and structural aspects of the biomarker are the first parameters to reach high reacting efficiency. Several authors have used NDA\CN -6 mixtures for amino acids (AA) and small peptides labelling [17] [18] [19] [20] . Their reports were an inspiriting root for our work. However reaction parameters have been optimized to get the best reaction yield for our peptide (22 AA).
We obviously see in Fig. 1 the fluorogenic character of the NDA. In fact, when there is no reaction with the peptide, there is no peak. However, after the peptide derivatization, we logically detect a peak corresponding to the CBI derivative.
In order to develop an efficient derivatization method, the main parameters were fixed by our readings or studies. First, inspired by Hu et al [19] , a 1:1 molar ratio of KCN and NDA was fixed for all studies, then we evaluated the yield of the reaction by measuring the peak area when NDA/PN molar ratio changes keeping all the other parameters constant. And in order to keep a pseudo-first-order reaction, we worked with a high excess of NDA compared to PN.
The Fig. S1 in the supplementary material shows the importance of the first studied parameter: the molar ratio between peptide and NDA. We see a net increase in the CE peak area that is characteristic of the tagged peptide, between a NDA/PN molar ratio of 20 and 40, and the maximum peak area is reached for a ratio equal to 40. This observation shows that the reaction is quantitative for this ratio. When the NDA/PN ratio is higher than 40, the main peak area decreases, and it seems that a side peaks appearance is responsible. Indeed, the fluorogenic reagent may react very slowly in different pathways to form fluorescent side products [20] . Those side products can be seen in the Fig. 2 underlining the differences between a 40 and a 100 NDA/PN molar ratio. In fact, the intensity of the 3.5 min peak is much larger in the ratio 100 than in the ratio 40. Moreover, at 5.7 min a peak corresponding to the CBI derivative becomes shouldered when the ratio reaches 100.
Previous studies revealed that the reaction yield increases when the ionic strength of the buffer solution (borate buffer) increases, certainly due to the catalytic effect of this concentration [12] . Thus, we studied the influence of the ionic strength of the borate buffer (from 10 mM to 100 mM) on the reaction yield by keeping the NDA/PN ratio and the pH equal to 40 and 10, respectively. As expected and displayed in Fig. S2 (see supplementary material), we obtained an increase of the peak area when the ionic strength increases.
However, on the same time, the separation efficiency dramatically decreases. This can be explained by the analysis buffer characteristics. In fact, all the analysis were performed 7 with a 40 mM HEPES buffer pH=8 as background electrolyte (BGE). On the other hand, ionic strength of derivatization solution was increasing that makes its conductivity higher than the BGE's one. This phenomenon leads to a flattening of the peaks. In this context, the best compromise between the reaction yield and the separation efficiency was the buffer ionic strength of 70 mM.
The third optimized parameter is the reaction pH. It represents another critical parameter that controls the reaction yield. De Montigny et al [13] reported that the optimum pH of the reaction depends on the amine's pKa. In this direction, Lunte et al [2] found that the optimum pH for derivatization was usually near to the analyte pKa. Taking into account the pKa range of the peptide amine function (from 8.7 to 10.7) and the increase of the fluorescence yield at alkaline pH, we chose to study the reaction on pH varying between 8.5 and 10.
As presented in Fig. S3 (see supplementary material) , an increase of the separation efficiency was observed for pH ranging from 8.5 to 9.5, while a decrease of the peak area was observed in this pH range. When the pH is higher than 9.5, the separation efficiency decreased, whereas the peak area increases. In this context, the best compromise between the reaction yield and the separation efficiency was the borate buffer pH 9.
Experiments were carried out to find the optimum reaction time. From the literature we knew that this parameter is another critical one that is correlated with other parameters such as peptide or amino acid concentration, sample volume, composition of the incubating solution [17] [18] [19] [20] [21] . The conformation of the peptide is also a factor to take into account because the steric hindrance increases the reaction time. In our work, the optimum reaction time was 15 min. Moreover, the stability of the peptide labelled with NDA was studied, and we found out that it was stable for at least 5 hours in darkness. This latter condition is very important because the photobleaching phenomenon occurs quickly when the sample is light-exposed.
Finally, the sensivity of detection of the CE-LIF method was studied by calculating the limit of detection (LOD) corresponding to a signal-to-noise ratio of 3. In the optimized conditions defined above (reaction time of 15 min, NDA/PN molar ratio equal to 40, ionic strength buffer of 70 mM and pH buffer equal to 9) the LOD of labeled PN was found to be 5 µM. (NDA/PN in a molar ratio of 100). No oxidation or reduction peaks was observed for peptide alone. This confirmed that PN peptide was electroinactive in the potential window, in spite of tyrosine presence in PN sequence which was expected as an electroactive amino acid. Moreover, in this oxidative potential window NDA is also electroinactive (see in Fig.   4 ). Nevertheless, if we consider a reductive potential window, reduction of two aldehydes groups NDA at pH 9 were observed at -1.1 V/SCE and -1.3 V/SCE. In the case of derivatized PN peptide, an oxidation peak was located at 0.55V/ECS corresponding to CBI oxidation. As noted in Fig. 4 , CBI oxidation is irreversible in agreement with the literature [11, 22] . Likewise, there was only one peak and no shouldered peak for CBI. It seemed to confirm the inactivity of tyrosine residue in PN. In the literature, peptides with tyrosine residue show two waves of oxidation, one for tyrosine and one for the isoindole ring of CBI [22] . For example, Nussbaun et al explained that the peak potential of isoindole group was characteristic to the derivatized amino acid or peptide. In order to provide an answer to this hypothesis, derivatization of four amino acids contained in PN sequence were performed for lysine, serine, histidine and threonine at the same concentration for each AA (25µM).
Peaks potential for CBI-(lysine), CBI-(serine), CBI-(histidine) and CBI-(threonine) were found at 0.54 V/SCE; 0.57 V/SCE, 0.59 V/SCE and 0.58 V/SCE, respectively as shown in Fig. 5 . Our results shown that lysine which was doubly derivatized was easier to oxidize than histidine and serine. Moreover, amino acids with basic chains like histidine are more easily oxidized than one with neutral or acid chains like serine. Threonine has a chain more acid than the histidine one but more basic than the serine chain.
Furthermore, peak potential is dependent on the chain length and the derivatized NH 2 number. In addition PN peak potential occurred approximately at the same peak potential found value that lysine. This seems to demonstrate that PN derivatized is relatively easily was due to the fact that peptide was probably doubly derivatized leading to a self quenching effect, which happened to be annoying with a fluorescence detection but not with an electrochemical detection. The peak can be decomposed into two different peaks, the first one corresponding to the doubly derivatized at 0.55 V/SCE and the second one to the simply derivatized at 0.69 V/SCE, this latter being more difficult to oxidize and having a peak potential more anodic than amino acids because of the chain length. An area of 3.5x10 -5 and 2x10 -5 were found for the doubly and simply derivatized, respectively.
Another protocol with low concentration of PN (10 µM) in borate buffer pH 10, and ratio of 40 (0.4 mM NDA/ 10 µM PN) was studied by DPV. The peak of CBI-PN was also present at 0.55 V/SCE and had an area of (1.9±0.1).10
. The peak potential is therefore independent of peptide concentration. When added PN concentration increases, CBI-PN yielded increases too, while the corresponding peak potential position still remains independent of the concentration of CBI-PN. In addition, the peak area increased with concentration of CBI-PN formed. Thereby, we have demonstrated that CBI-PN was quantitative using electrochemical detection as low concentration as 10µM of peptide.
10
Finally, the third method at pH=10 with NDA/PN molar ratio of 40 was also studied by cyclic voltammetry leading to the same previous conclusions: no variation on peak potential position when CBI-PN increases and for scan rate variation.
For protocol at pH=10 and 1 mM NDA/ 25 µM PN molar ratio of 40, variation of peak intensity against time has been investigated. As displayed in Fig. 7 , the peak intensity increased as CBI yielded was increasing. Peak intensity was followed after 3, 9 and 15 minutes of derivatization time (Fig. 7A) . At the same time, an increase CBI-PN can be correlated to a decrease of the two NDA peaks reduction. As mentioned previously, NDA was electroactive through successive reduction of the two aldehydes groups (see in Fig.   7B ). In the other hand, it was an original way for online monitoring of PN derivatization. A time of 3 minutes was sufficient to obtain the formation of CBI-PN. Nevertheless, peak intensity was higher for a derivatization time over 15 minutes in agreement with those obtained with fluorescence detection. Stability of the labelling protocol was also performed by electrochemistry. We observed that the CBI-PN peak was still present at least after 24
hours. After 30min, the CBI peak area represents 98% of the i value, 97% after an hour and 80% after 24hours. This confirms that the solution has to be kept away from light, then the labeling reaction is stable and the solution can be analyzed by electrochemistry 24 hours after mixing.
Conclusions
This work describes NDA derivatives of AAs and peptide for quantitative analysis. NDA/PN ratio =100 (top), NDA/PN ratio =40 (bottom). Derivatization and electrophoretic conditions are similar to these given in Fig. 1 . 
